Introduction
Perhaps the most important finding of the Seasat altimeter mission was the discovery in the marine gravity field of a lineated pattern that is associated with the young parts of fastmoving oceanic plates [Haxby and Weissel, 1986] The discovery of the linear volcanic ridges is important for at least two reasons: First, they represent a class of volcanic structure that is morphologically distinctly different from ordinary conical seamounts [Lynch, 1993] . Second, because the ridges are closely aligned with the cross-grain gravity lineations, they may have been produced by a common mechanism, and thus surveying and sampling the ridges can lead to better understanding of this common mechanism. The three mechanisms that have been proposed for the formation Here we report results from our survey of the Pukapuka Ridges aboard R/V Melville in December 1992 and January 1993. Our multibeam depth soundings establish that the volcanic ridges are tightly aligned along the trough of one of the most continuous and prominent gravity rolls. We use the morphology of the ridges to infer the direction of tensile stress within the lithosphere at the time the ridges formed. Marine magnetic anomalies, collected during our cruises, as well as during many previous E-W cruises in the area, establish the crustal age pattern. Radiometric ages of rocks dredged from the most prominent ridges establish the timing and evolution of the ridges along the chain. We use all of this information to place constraints on the mechanism of formation of the cross-grain gravity lineations and associated volcanic ridges. Plate 1. Gravity anomaly derived from ERS 1, Geosat, TOPEX, and Seasat altimeter profiles Contour maps (500-m interval) of the gridded bathymetry (Figures 2a-2d) show the overall locations and heights of the Pukapuka ridges; shading reveals smaller seamounts as well as the abyssal fabric. Volcanic ridges and seamounts are nearly continuous over the 2600-km-long, 50 to 75-km-wide chain. The major structures in the chain are composed of numerous ridge segments arranged both end-to-end and en echelon. En echelon ridges are commonly sigmoidal, and most are stacked dextrally at angles of 5o-20 ø to the overall Pukapuka trend. In areas where there are no prominent ridges, the seafloor spreading fabric is generally buried by small seamounts. The largest gap in volcanism (-123.5øW) is about 130 km long, and there are a few other gaps (100 km at 128.5øW and 50 km at 139.8øW). On all of the N-S transects, the abyssal hill fabric reemerges away from the main trend line of the ridges, suggesting that the volcanism occurs mainly in the trough of the cross-grain gravity lineation. Troughs in the gravity lineations are observed in areas where no large ridges are present so at least in these areas the gravity troughs are not due to the flexure of the lithosphere adjacent to ridges. Argon was extracted from samples in a series of five to seven heating steps, by radio frequency induction heating, and measured by mass spectrometry (instrument AEI MS-10S). Ages were calculated from the isotopic composition of Ar released in each step, and plateau ages (Table 1) (Table 2) . At dredge site 9D the model overpredicts the age by 6.3 Ma and at Wahoo Guyot (15D) it over predicts the age by 14.5 Ma; this corresponds to a distance of 1300 km from the center of the hotspot! Postulating two hotspots along the same chain does not fit the data either. For example, if a hotspot is placed at site 9D to match the radiometric age of 8.5 Ma, then it will predict the wrong age at Wahoo Guyot. It may be possible to match the observations using three hotspots along a single chain but they must be perfectly aligned so they reinforce each other in the absolute plate motion direction. In addition to the poor fit to the ages, the minihotspot model fails to match the directions of the Pukapuka ridges and gravity lineations, especially beyond the kink in the hotspot trace at 24 Ma. The kink in absolute plate motion around 24 Ma is needed to simultaneously match the geometries and ages of the Louisville and Hawaiian Hotspot chains [Lonsdale, 1988; Fleitout and Moriceau, 1992] . North Pacific hotspot data (mainly Hawaiian/Emperor data) could be fit either with a 24 Ma kink [Epp, 1978] proposed that extension is occurring on the east side of the EPR along the Sala y Gomez Ridge [Mammerickx and Sandwell, 1986] . Slab pull of the concave trench system along South America may be responsible for the tensional stress [Wortel and Cloetingh, 1981] . Rifting along the Sala y Gomez Ridge is also compatible with the morphology, continuity, and ages of the volcanoes of the 3000-km-long chain [Bonatti et al., 1977] . Six of seven volcanoes along this chain were active since 10 Ma, and there is no hotspot age progression along the chain [Bonatti et al., 1977] . A second potential problem with the stretching model is the lack of evidence for extensional faults parallel to the ridges. The radiometric date of 7D exceeds the age of the seafloor, and in contrast to the other samples the plateau plot was inconsistent; incremental ages range from 7 Ma to 20 Ma. Figure  6 shows a schematic diagram of a fast-moving plate bounded on three sides by subduction zones and on the fourth side by a spreading ridge. We assume that the spreading ridge axis has no strength so it applies no force to the plate. The component of slab-pull force parallel to the absolute plate motion is exactly balanced by the integrated asthenospheric drag stress on the base of the plate. Moving toward the spreading ridge, this component of slab-pull force transmitted by the lithosphere must decrease to zero because the force at the ridge We assume that slab-pull force F T greatly exceeds ridge-push force F R. The component of slab-pull force parallel to the absolute plate motion is balanced by the integrated asthenospheric drag stress on the base of the plate. This component of slab-pull force decreases to zero toward the spreading ridge (horizontal lines through circles). The component perpendicular to the absolute plate motion is transmitted across the plate from one trench to the other. Thus near the ridge axis the maximum tensile stress must be perpendicular to the direction of absolute plate motion. Yielding will occur preferentially in the youngest weakest lithosphere with a pole of opening near the western trench. Strain rate increases with distance from the pole. Grey level represents accumulated strain. across the plate from one trench to the other. Thus near the ridge axis the maximum tensile stress must be perpendicular to the direction of absolute plate motion. Larger, faster-moving plates will have more anisotropic stresses (and perhaps larger overall stress) than smaller, slower-moving plates because they have a larger drag force. Now consider where yielding will occur. The overall lithospheric strength (i.e., yield strength integrated over depth) increases approximately linearly with age [Mammerickx and Sandwell, 1986] . Thus as the lithospheric end load is increased, the younger lithosphere yields before the older lithosphere. On the Pacific plate, the youngest and therefore the weakest segments of lithosphere occur south of the Marquesas FZ and north of the Agassiz FZ at 40øS (shown schematically by dashed lines in Figure 6 ). If force is applied evenly along the top and bottom boundaries of our schematic plate, then the plate will yield first near the spreading ridge between the fracture zones. Beyond the area between these fracture zones, the plates remain rigid, with the result that the relative motion between the northern and southern plates is described by a pole of opening. Since lithosphere is much stronger in compression than in extension and since our model contains no compressive driving forces, we speculate that the pole of opening will be located on the western side of the plate near the trench. Because extensional strain rate increases linearly with increasing distance from the pole, maximum strain rate occurs at the ridge axis; a small rate of compressional strain occurs on the western side of the pole. Based on th•se strength and geometry arguments, we speculate Second, if one or more chains of linear volcanic ridges are shown to be formed by extension rather than by fixed hotspots as previously proposed, then the application of the fixed-hotspot model to other linear volcanic chains may be questioned. This is especially true of chains having no systematic radiometric age dates or chains having multiple linear age progressions. Finally, the alignment of maximum tensile stress perpendicular to the direction of absolute plate motion suggests that slab-pull force dominates ridge-push force and that slab pull is balanced by asthenospheric drag.
